Objective: We examined pituitary tumor volumes in patients treated with pegvisomant for 18 months or longer, and in whom the tumors were monitored for at least 3 years. We present details on 9 of 304 patients in clinical trials with pegvisomant who experienced tumor growth within the first year of treatment. Method: Magnetic resonance images prior to start of pegvisomant and at last follow-up were examined in 43 patients (14% of participating patients). Twenty-nine had received prior radiation therapy (18% of irradiated patients) and all but five received somatostatin analogs between periods of pegvisomant treatment. Results: At follow-up, the median tumor volume was 0.6 cc (range 0.0-19.7 cc), in comparison with 1.6 cc (0.0-19.7 cc) at baseline (P!0.001). Twenty-five patients, of which 23 received radiation therapy, had tumor volume reduction. Seventeen patients had no significant change. One patient, who had not received radiation therapy, had an increase in tumor volume from 1.61 to 1.93 cc. Of the nine patients with tumor growth, six had progressive growth before initiating pegvisomant. Two patients with stable tumors while on octreotide experienced enlargement after octreotide discontinuation but remained stable on long-term pegvisomant therapy. Conclusion: The present data indicate that pegvisomant does not promote tumor growth and suggest that the nine observed cases of tumor progression, which occurred within 8 months after commencing pegvisomant, are likely rebound expansions after discontinuation of somatostatin analogs and/or the natural history of aggressively growing pituitary tumors. Continued long-term surveillance of tumor volume, particularly in non-irradiated patients, is recommended.
Introduction
Acromegaly is typically present for a decade prior to the diagnosis being made, and at that stage about 70% of the growth hormone (GH)-secreting tumors are macroadenomas (1) . Therapy is focused on eradication of tumor mass and, if that is not possible, normalization of the metabolic and clinical abnormalities. GH overproduction increases the risk for diabetes mellitus, cardiovascular disease, pulmonary disease, and possibly cancer, collectively reducing the life expectancy of uncontrolled patients (2) (3) (4) (5) (6) .
Surgery is the most effective, potentially curative, therapy. However, most patients with acromegaly present with infiltrative macro-adenomas or with unresectable adenomas because of difficult location. Surgical remission rates of 50% for macro-adenomas and 70-80% for micro-adenomas have been reported (7) (8) (9) . Radiation therapy may ultimately normalize serum insulin-like growth factor-I (IGF-I); however, it may take many years to observe adequate control of the excessive GH production (10) (11) (12) . Unfortunately, radiation therapy is associated with an increased risk for pituitary insufficiency, possibly cerebrovascular accidents, and rarely CN tumors (13) (14) (15) (16) . Medical therapy (dopamine agonists, somatostatin analogs, and GH receptor antagonist) is often necessary for optimal treatment as a significant proportion of patients remain with elevated IGF-I after surgery and/or radiation therapy (17) . Dopamine agonists interact with the pituitary D2 receptors, triggering a not well-understood biochemical response that decreases the secretion of GH in some patients (10-34%) (18) . Somatostatin analogs interact with somatostatin receptors, principally subtypes 2 and 5, inhibiting GH secretion and thereby normalizing IGF-I in about 50-70% of patients (19) (20) (21) (22) .
Pegvisomant is a GH receptor antagonist that blocks the action of GH by competitively inhibiting GH binding to the preformed GH receptor dimer. At doses up to 40 mg/day, it is capable of normalizing circulating IGF-I in 97% of patients (23) . Unlike other modes of therapy it does not attempt to lower serum GH levels, and its efficacy is unrelated to any action on the pituitary tumor. Circulating GH levels approximately double on initiation of pegvisomant therapy, which is believed to be a consequence of a feedback response to the fall in plasma IGF-I. Since clinical trials began in mid-90s, there has been concern that pegvisomant might be associated with tumor growth, because the natural history of tumors is to expand, or alternatively, and more sinisterly, that a feedback increase in GH secretion would result in accelerated tumor growth. To date, there is limited published experience of tumor volume changes in pegvisomant-treated patients. In total, tumor growth has been observed in 9 of 304 patients taking part in clinical trials, i.e. an incidence of w3% (24) . In these instances, tumor growth was evident within the first 6-12 months of treatment, e.g. van der Lely et al. (23, 25) observed tumor growth within 12 months of treatment in 2 of 160 patients treated for an average of 425 days, Colao et al. (26) noted tumor growth in 2 patients after 6 months of treatment with pegvisomant, and Frohman reported a woman with tumor growth 6 months after start of pegvisomant therapy (27) . After conversion from octreotide longacting release (LAR) to pegvisomant, one patient had significant tumor growth (O20%) while on pegvisomant therapy. The expansion was observed 6 months after the last dose of octreotide LAR had been given (28) . During further treatment with pegvisomant for an additional 21 months tumor volume remained stable. Three patients have not been reported previously. In addition, we provide previously unpublished details of the nine cases who experienced tumor growth within 12 months after starting treatment with pegvisomant. The incidence of tumor growth on pegvisomant when used in clinical practice is similar to that found in clinical trials, as illustrated by a recent report by Schreiber et al. (29) . When assessed by a central evaluator 7 of 229 patients had confirmed tumor growth. As discussed (24) , an increase in tumor volume might be explained by rebound expansion after discontinuation of somatostatin analog therapy or by continuation of a tumor growth that started prior to initiation of pegvisomant therapy.
Previous data have been based on treatment with pegvisomant for up to 18 months; experience with longer term therapy has not been reported. Here, we have reviewed a series of pituitary magnetic resonance images (MRIs) from patients treated with pegvisomant for 18 months and longer within monitored clinical trials in which tumor volumes were evaluated by the same examiner. We also provide previously unpublished data on the nine subjects who experienced tumor growth during short-term treatment with pegvisomant.
Study design and subjects
A total of 304 patients have been treated with pegvisomant in sponsored clinical trials. A prerequisite for participation in the trials was that if treatment with radiotherapy had been given it had to have taken place more than 12 months before enrolment. The duration of follow-up in this cohort is as follows, !6 months nZ51, 6 to !12 months nZ88, 12 to !24 months nZ83, 24 to !36 months nZ31, and R36 months nZ51. Treatment with pegvisomant for up to 18 months is here considered as treatment of a short-term duration. In this group, nine subjects experienced tumor growth ( Table 2) . We have compiled detailed and previously unpublished data on these nine cases. The information on treatment for tumor growth and exposure time to other medications for acromegaly was provided by their respective treating physician. To be eligible for the long-term follow-up part, the present subjects had to have received treatment with pegvisomant for R18 months and been monitored with MRIs for at least 36 months. Forty-three patients (14% subjects participating patients in the sponsored clinical trials) met the inclusion criteria. Compared with the complete study cohort of 304 subjects, these 43 patients had similar age and sex distribution, 46 (20-72) years, 49% men versus 46 (20-84) years, 57% men, similar IGF-I levels prior to pegvisomant, 671 (399-2131) mg/l versus 668 (101-2173) mg/l, and a comparable treatment regimen prior to enrolment, surgery in 88% vs 82%, prior radiation therapy in 62 vs 52%. These subjects had been enroled in a Phase II and subsequently in a Phase III, multicenter, randomized, double-blind, fixed-dose, placebo-controlled trial ( Table 1 ). The subjects were changed to long-acting octreotide after conclusion of the study and then participated in a Phase IV trial designed to evaluate pharmacologic effects of conversion of long-acting octreotide to pegvisomant (28-week trial), after which the majority of subjects continued in a compassionate use program until pegvisomant was commercially available in their respective countries. In this program, 73% of the patients achieved an IGF-I level below the upper limit of normal (ULN) at the end of the core protocol (week 32), while 89.7% experienced a reduction to below the ULN at any time, i.e., during either the core or extension phase. Post-hoc summaries of dose titration and the doses at which an IGF-I below ULN was achieved revealed that in patients with IGF-I levels above the ULN an average of 57% did not have their dose increased as specified in the protocol. The average duration of treatment with pegvisomant was 29G7 months (range 18-45). All but five patients had received treatment with somatostatin analogs between taking part in clinical trials with pegvisomant. The average accumulated exposure in the patients treated with somatostatin analogs was 17G8 months (range 2-30). The average uninterrupted length of treatment with pegvisomant in all patients was 20G6 months. Treatment with pegvisomant was continued through the final MRI evaluation.
The primary endpoint was a change in pituitary tumor volume from baseline MRI (MRI at the time of first enrolment into a clinical trial with pegvisomant) to the last MRI. The mean duration of follow-up, i.e. time from baseline MRI to last MRI during treatment with pegvisomant, was 58C7 months (range 46-73).
Assessment of pituitary MRIs
MRIs of the pituitary gland were obtained at defined time points, including a study prior to pegvisomant and at study conclusion. Coronal and sagittal T1-weighted images were obtained before and after the administration of gadolinium contrast. MRI films were scanned with a high-resolution L75 film scanner (Lumisys Inc., Sunnyvale, CA, USA) or submitted on DICOM CD-ROM. The pituitary adenomas were measured by one neuroradiologist (K H) who used hand tracings in conjunction with NIH image analysis software (Scion Corp., Frederick, MD, USA) for analysis. Total tumor volume was estimated by multiplying each slice thickness by the area inside the curve of the hand-traced image, then summing the volumes of the slices (30) . Maximum diameter in each dimension was measured.
Inherent in accurate measurement and assessment of tumor volumes is an understanding of the limitations of the technique. In tumors with a volume of 1 cc or larger, a change in tumor volume R20% was considered significant (31) . In tumors smaller than 1 cc, the average MRI image thickness of 3 mm limits the ability to detect small percentage changes in a tumor. At this slice thickness, a minimum diameter change of 3 mm is necessary for it to be considered significant (32) . Smaller changes in the pituitary tumor volumes may be attributable to volume average artifacts or changes in slice position. To avoid the possibility of overestimating any change in tumor size for tumors !1 cc in size, we have applied the more stringent definition, i.e. at least 3 mm change in one diameter.
We recognize that this necessitates dual criteria for significant change in small (!1 cc) and large (R1 cc) tumor volumes, necessitated by the measurement characteristics of the technique. It should also be pointed out that these criteria of ! or R1 cc do not refer to the conventional definition of micro-and macro-adenoma and are used only to define the interface at which the slice thickness becomes a limiting factor in assessing significant change in the size of the tumor.
Statistical analysis
The descriptive summaries included means, medians, S.D.s, and ranges (minimum/maximum) for continuous variables and counts and number and percentages for categorical variables. The mean change from baseline in tumor volume was tested for significance using a paired t-test with a two-sided P value of less than 0.05 considered significant.
Results
Characteristics of the nine patients with tumor growth while on short-term treatment with pegvisomant in clinical trials
As previously reported among the 304 patients treated in clinical trials 9 patients experienced tumor growth, all within the first year of treatment (24) . Further details are given here. Eight patients had large pituitary tumors at diagnosis and had been treated with surgery; patient number 7 had an intrasellar micro-adenoma with evidence of lateral extension into the cavernous sinus and consequently, this patient was not considered a candidate for surgery ( Table 2) . None of the patients had received radiotherapy prior to pegvisomant. In seven patients, treatment with pegvisomant was preceded by treatment with long-acting octreotide. Patient number 1 was treated with short-acting octreotide prior to pegvisomant but developed a pronounced skin rash within a week necessitating discontinuance of octreotide. Patient number 2 received short-acting octreotide 2 months prior to initiation of pegvisomant. In six cases, tumor growth prior to the start of pegvisomant was documented, either during a period of no medical treatment (pts 1, 4, 8, 9) or while on somatostatin analogs (pts 3, 5). Six to eight months into the pegvisomant trial an increase in tumor volume was noted in the nine patients. The maximal median increase in tumor volume in these nine patients was 68% (range 26-182%). In four cases (pts 1, 3, 4, 5), treatment for tumor progression, i.e. surgery and/or radiotherapy, was performed shortly after the first MRI showed progression; in the other five cases, the investigators elected to continue treatment with pegvisomant within the clinical trial. In one previously unreported woman (pt 5), who had the most pronounced tumor expansion while on pegvisomant, the disease activity had initially been controlled on dopamine agonists which was followed by a more aggressive course characterized by elevated GH/IGF-I levels and tumor growth also after addition of somatostatin analogs. After discontinuation of pegvisomant, the tumor continued to grow while on treatment with pasireotide. In patient 6, the tumor measured 1.33 cc while on treatment with octreotide. Eight months after discontinuation of octreotide LAR and while on treatment with pegvisomant the tumor volume increased to 2.24 cc (68%). In patient 7, the tumor size was 0.34 cc upon discontinuation of octreotide LAR. Eight months later, the tumor volume doubled to 0.7 cc. In both cases (pts. 6, 7), tumor volumes have remained stable upon continued treatment with pegvisomant for 30 and 36 months respectively, suggesting an initial rebound expansion after discontinuation of octreotide LAR.
Long-term treatment (O18 months) and follow-up (O46 months) in clinical trialspatient characteristics
Forty-three patients (21 men, 22 women) with a mean ageGS.D. of 46G12 years at the initiation of pegvisomant were included. Twenty-eight subjects received a combination of surgery, radiation, and medical therapy prior to pegvisomant therapy (65.1%). Ten had surgery and medical therapy (23.3%), four had only medical therapy (9.3%), and one had radiation and medical therapy. Regarding the medical therapy, all but one patient had received treatment with a short-acting somatostatin analog before enroling into the first trial with pegvisomant and 26 subjects (60.5%) had been treated with a dopamine agonist.
Dose of pegvisomant, IGF-I, and GH concentrations
The meanGS.D. final dose of pegvisomant was 18.7G 8.0 mg/day (medianZ20, range 10-40). At baseline, 42 patients (98%) had uncontrolled acromegaly with a median IGF-I value of 671 (range 369-2131 ng/ml) and a median GH value of 5.1 (range 0.3-138 ng/ml). At the time of the last pituitary MRI, the patients had a marked reduction of the IGF-I values to 257 (range 111-952 ng/ml) including 34 patients with normal concentrations of IGF-I according to age and gender (see Study design and subjects). As expected, patients treated with pegvisomant exhibited increased 
Other patients treated on clinical trials or compassionate use protocols
Two hundred and fifty-two patients received pegvisomant for varying periods of time prior to drug approval. The lack of long-term information (MRI or hormonal data) on these makes it impossible to assess their longterm response to therapy. However, the manufacturer has received no reports of tumor growth in this cohort.
Discussion
The natural history of a non-functioning pituitary tumor is defined by growth as illustrated by the relative high frequency of regrowth post-surgery (33, 34) . In a study where serial imaging of pituitary tumor remnants post-surgery was performed, the calculated tumor doubling time was considerably lower in younger patients (35) . In somatotropinomas, the natural history of tumor behavior is less well-known since prolonged elevation of plasma GH necessitates intervention. However, at presentation, younger patients tend to have higher GH levels and larger tumors (36) . Besides patient age, mutations in a series of genes affecting intracellular signaling or growth factor pathways of the pituitary cells have been linked to the clinical behavior as well as the risk of recurrence on a group level.
For the individual patient, there is, however, no reliable predictor (37) . Although somatostatin analogs reduce tumor size in a significant proportion of subjects, tumor growth while on treatment occurs in about 2% (38, 39) , again illustrating tumor heterogeneity with a more aggressive behavior in certain somatropinomas. Pegvisomant does not act on the pituitary to reduce circulating GH concentrations but rather blocks GH binding to target tissue GH receptors. When clinical trials began in the mid-90s, it was thought that in the absence of pituitary-oriented therapy there was the possibility that tumors would increase in size during pegvisomant treatment. Initiation of pegvisomant results in a fall in IGF-I levels and through feedback mechanisms an increase in circulating GH levels (26, 40) . What was less certain when pegvisomant was first administered to patients was whether the mechanisms responsible for the increased GH secretion would also stimulate tumor growth. The recognition of this possibility led to a study design that included frequent, centralized, and detailed measurement of tumor volume. The patients entering the trials had elevated IGF-I levels and as is inevitable for a new treatment modality most had failed to respond to conventional treatment with normalization of IGF-I, with 85% having had surgery, and 75% somatostatin analogs. In the cohort encompassing 304 patients in sponsored clinical trials with a cumulative experience of 452 patient years, tumor growth was seen in 9 patients. In these cases, tumor growth was evident within the first year of treatment; none of the patients had received radiation therapy. Importantly, tumor growth had occurred in six of these cases prior to the start of pegvisomant, when these patients were on no medical treatment or while on treatment with somatostatin analogs. Six of the nine patients were under the age of 45 years, compatible with a more aggressive growth pattern observed in younger patients with somatropinomas (36) , and all were unirradiated. It is possible that some of the growth could be explained by a rebound from suppression by somatostatin analogs as observed in patients numbers 6 and 7 (Table 1) after conversion from octreotide to pegvisomant. Six of the patients remain on pegvisomant, in three cases in combination with a somatostatin analog, without evidence of further tumor growth.
While these findings are reassuring they do not address the important question of whether long-term therapy with pegvisomant is associated with pituitary tumor growth. To address this question, we identified all patients from the Phases II-IV trials who had been treated with pegvisomant for at least 18 months (mean of 29 months) and also had pituitary imaging at regular intervals. As detailed in Study design and subjects, these 43 patients were comparable with the overall study cohort of 304 subjects with respect to age, gender, IGF-I levels prior to start of pegvisomant, and previous surgery (88 vs 82%). Prior radiation therapy was slightly more common, (62 vs 52%), probably reflecting that subjects enroled in the early pegvisomant protocols had been patients difficult to manage. The results showed no significant change in pituitary volume in unirradiated patients treated with pegvisomant. As these patients had consistent elevations of their plasma GH concentrations during therapy, we interpret these findings to suggest a disconnect between the hormonal feedback loop and growth. Thus, the concern that pegvisomant treatment might be a stimulus to pituitary growth is unsubstantiated by this analysis.
The data in this manuscript also provide the most compelling dataset available demonstrating that external beam radiation followed by pegvisomant is associated with a reduction in tumor size. Earlier reports utilized a skilled radiologist's interpretation to provide a qualitative estimate of growth, stability, and shrinkage. In one of the best reports describing the effect of radiation in patients with non-functional pituitary tumors, 33% of irradiated patients had tumor growth (41) , in a second series focused on GH-producing pituitary tumors, reduction was found in 14.9%, stable tumor size in 80.7%, and tumor growth in 4.4% over a mean of 12 years following conventional radiotherapy (42) . Our dataset, obtained at variable time points following pituitary irradiation, documents that a combination of external beam therapy and pegvisomant was associated with almost a 60% reduction in pituitary tumor volume. As there was no significant change in pituitary volume in the patients without prior radiation treated with pegvisomant, we conclude the shrinkage effect is likely related to radiation.
In conclusion, analysis of the short-and long-term experience indicates that tumor growth may be seen early in the course of treatment which probably reflects the natural history of certain tumors, while if no tumor occurs in the first 18 months, then it is unlikely to occur subsequently suggesting that pegvisomant treatment per se does not promote tumor growth. Treatment with somatostatin analogs is known to reduce tumor volume in certain patients, and therefore, discontinuation may result in rebound expansion appearing after initiation of pegvisomant. A small percentage of patients with GH-producing tumors, mostly younger, will have aggressive growth despite therapeutic intervention with somatostatin analogs or pegvisomant and close monitoring will be required. Finally, external beam therapy is associated with a reduction of pituitary size. Although we find no evidence of pituitary tumor growth, we consider it important to monitor all patients on pegvisomant using MRI scans, and that longer term data should be collected in a surveillance registry.
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